Red foxes were absent or rare in the southeastern United States until the late 1800s. Their origins potentially include natural population increase/expansion, translocations from Europe, and, eventually, 20th century fur farming. Previous studies have found no European haplotypes in North America, but few samples were sourced from the Atlantic coastal plain, closer to the source of putative introductions. Through analysis of mitochondrial DNA in 584 red foxes from this region, we identified indigenous haplotypes in ≥ 35% of foxes, 1 of 2 European haplotypes in 17% of foxes and fur farm haplotypes in ≥ 13% of foxes; another 35% of foxes had haplotypes potentially indigenous or native. In contrast, only 3 of 135 (2%) male foxes carried a single European Y chromosome haplotype. Most European and fur farm haplotypes were found near the densely human-populated coastal plain and Hudson River lowlands; most red foxes of the Appalachians and Piedmont had native eastern haplotypes. Our findings suggest that the more remote, upland populations primarily reflect indigenous red fox matrilines, whereas urban-associated populations in and around the mid-Atlantic coastal plain and Hudson lowlands reflect an admixture of native and nonnative maternal sources. Autosomal markers are needed to further elucidate the extent of European and fur farm introgression in the Appalachians and further west.
Humans affect the distributions of species in a variety of ways, ranging from direct translocations between continents to conversion of habitats, which, in turn, can facilitate range expansions of native species. The establishment of nonnative species from intercontinental translocations is typically harmful to native communities and has been cited as a leading cause of biodiversity decline (Genton et al. 2005; Ricciardi 2007; Kirk et al. 2011; Le Roux et al. 2011) . In contrast, range expansions of native species, even if prompted by anthropogenic landscape changes, can reflect a healthy level of biotic functioning, which is necessary for the resilience of native communities in the face of changing climates and environments (Hewitt 2000; Valladares et al 2014; Gimona et al 2015) . Differentiating between these sources of origins of recently established species is therefore important and not always obvious, such as when distinctions between different species are morphologically cryptic or when native and nonnative species can interbreed (Devillard et al. 2014 ).
Red foxes (Vulpes spp.) in the eastern United States represent such a case where origins remain unclear. Early naturalists believed that red foxes did not occur south of New York State at the time of European colonization (Audubon and Bachman 1849; Churcher 1959) . Subsequent discoveries of late Holocene faunal sites along the Appalachians and adjacent Piedmont as far south as Georgia, however, suggest that red foxes occurred in these areas prior to European colonization, after which time they either disappeared or remained scarce and undetected (Statham et al. 2012; Frey 2013) . It is possible that the range extent of the red fox along the Appalachians (and further north) was dynamic during the late Holocene, e.g., depending on climatic fluctuations, and/or that clearing of forests for agriculture encouraged population increase or expansion of native red fox populations in the Atlantic coastal plain (Churcher 1959) .
Today, red foxes are abundant throughout the Appalachians and eastward continuously to the coast. In addition to uncertainty about the pre-European range and early range expansions of native red fox, the origins and composition of these modern eastern red foxes are obscured by putative introductions of foxes from Europe in the 1800s to coastal regions, such as Delaware or New Jersey (Kamler and Ballard 2002; Frey 2013) . Complicating the issue further, fox farms composed of individuals derived ultimately from eastern Canadian and Alaskan populations, but selectively bred in captivity, proliferated throughout North America in the early to mid-1900s, providing yet a 3rd potential source (Statham et al. , 2012 . We refer to these farm-derived foxes as "feral" to indicate their derivation from captive-bred stock (Sacks et al. 2011) . Understanding the contribution of European ancestry to contemporary populations is particularly important in light of recent evidence for specieslevel divergence between Eurasian and North American red foxes (Statham et al. 2014) , but the potential contribution of fur farm foxes to contemporary wild populations also has implications for their characterization as a natural or anthropogenic population (Sacks et al. 2011) . For example, interbreeding with escaped mink from fur farms has been identified as a threat to the viability of wild mink in eastern Canada (Kidd et al. 2009 ).
Hypotheses for the ancestral composition of contemporary eastern red foxes have spanned the extremes. One review concluded that all modern red foxes in the eastern United States, as well as in the Midwest and Canada, were of European ancestry (Kamler and Ballard 2002) . Conversely, a subsequent review suggested the possibility that European red foxes were never imported to the continent in the first place (Frey 2013) . More consistent with the latter hypothesis, prior to our study, mitochondrial sequences from many red foxes from throughout the United States and Canada had yet to include a single European haplotype (e.g., Perrine et al. 2007; Aubry et al. 2009; Sacks et al. 2010; Statham et al. 2012 Statham et al. , 2014 Langille et al. 2014) . However, only a small number of red foxes from the eastern United States had been sequenced and most of these were from the Appalachians and vicinity, where origination by natural means was most likely (Statham et al. 2012; Frey 2013) . In particular, the distribution of late Holocene faunal remains suggests that red foxes occurred naturally, if episodically, within what Merriam (1898) termed the "Transition zone," corresponding primarily to the Appalachian Mountains, and the "upper Austral zone," corresponding primarily to the Piedmont (Frey 2013 ). Therefore, it remains possible that eastern red foxes in lowest-elevation regions, such as the Atlantic coastal plain, contain European ancestry (Aubry et al. 2009; Statham et al. 2012) . Secondly, 1 of 3 red foxes sequenced from the coastal plain contained an Alaskan haplotype known to be associated with fur farming, indicating at least some contribution of fur farm stock to modern eastern red foxes (Statham et al. 2012) .
We sought to resolve the origins of red foxes in the eastern United States through analysis of matrilineal and patrilineal markers of 584 individuals collected from several eastern states (Fig. 1) . Specifically, we investigated 1) the extent to which red foxes in eastern United States reflected European versus North American ancestry, and 2) the extent to which North American ancestry reflected natural populations versus escape or release of captive-reared fur farm foxes. We also investigated population genetic structure with particular attention to whether the populations in the Appalachian and less human-dominated adjacent regions were distinct from those of the more densely human-dominated coastal plain and Hudson River lowlands (hereafter Hudson lowlands). We sequenced mitochondrial DNA and genotyped 2 microsatellite loci from the Y chromosome and compared these to published sequences and genotypes from throughout the global range of the red fox to assess continental origins. The use of maternally and paternally inherited markers also enabled us to directly assess interbreeding between European and North American ancestors and male versus female introgression.
Materials and Methods
Study area and sample collection.-The study area encompassed a combination of less human-dominated natural areas associated with the Appalachians and Piedmont and high human-density regions of the Atlantic coastal plain, particularly along the "I-95 corridor" linking New York and Washington D.C. and Hudson lowlands (Fig. 1) .
We collected a total of 584 tissue samples during 2010-2013, which are currently archived in the sample collection at the Mammalian Ecology and Conservation Unit at the University of California at Davis. Most samples were contributed by trappers in the form of muscle tissue samples (~2 g preserved in 95% ethanol; n = 69) or dried skin snips (n = 498), but we also collected muscle samples from 17 carcasses discovered opportunistically (e.g., road kills). Samples were collected from Vermont (n = 26), New York (n = 138), New Jersey (n = 66), Pennsylvania (n = 120), Delaware (n = 48), Maryland (n = 105), Virginia (n = 79), and North Carolina (n =2). Additionally, we included 17 previously published mtDNA sequences, including 2 collected in New York State in 1856 (before the advent of fur farming) and 12 collected from Georgia (n = 9, 1931 -1933 ), West Virginia (n = 1, 1938 , and Maine (n = 2, 1923), also less likely than modern samples to contain fur farm ancestry, and 3 modern samples collected from coastal North Carolina (Statham et al. 2012) . We grouped samples into geographically proximate clusters or, where sparse, mapped individual samples (Fig. 1) .
We extracted DNA from tissue using a DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, California) following manufacturers recommendations. We amplified and sequenced 697 base pairs (bp) of mitochondrial DNA including 354 bp of the cytochrome-b (Cytb) gene using primers RF14724 and RF15149 and 343 bp of the control region using the primers VVDL1 and VVDL6 that were previously analyzed in > 1,000 samples from throughout the worldwide range of the red fox (Perrine et al. 2007; Aubry et al. 2009; Statham et al. 2012 Statham et al. , 2014 o C for 5 min. We sequenced cleaned PCR product from both forward and reverse primers of both fragments using BigDye Terminator Cycle Sequencing Ready Reaction Kit v 3.1 (Applied Biosystems, Foster City, California), cleaned sequences using ExoSAP-IT (Affymetrix, San Diego, California), and electrophoresed them with an Applied Biosystems 3130XL capillary sequencer.
We PCR-amplified 2 Y chromosome markers that produced haplotypes that could be compared directly to previous ones typed in European, Asian, and North American foxes (Statham et al. 2014) . We used the primers reported in Statham et al. (2014) : Y29-Fox (F2: AGTGCTTAGGCTCAGGATGC, R1: TCCAGGTTTTA TTTAGGGTCTT) and Y30-Fox (F2: TCCTTTCCATTTTCA GAAAGC,Y30_Dog R: AGAGAGGTAAGGCATAGTTTG).
We fluorescently labeled forward primers of both loci with 6-FAM on the 5' end. These loci were amplified together in a single 10 µl reaction using a Qiagen Multiplex kit with Q-solution according to manufacturer's instructions (Qiagen, Inc., Valencia, California) with an annealing temperature of 60 o C. We electrophoresed PCR products using an ABI 3730 capillary sequencer (Applied Biosystems, Foster City, California) and scored alleles relative to an internal size standard, Genescan 500 LIZ (Applied Biosystems, Foster City, California), using STRand software (Toonen and Hughes 2001) .
Data analyses.-To address our 1st objective, characterizing matrilines and patrilines as to their continental origins, we compared mtDNA and Y chromosome haplotypes from this study to published ones and evaluated origins based on both identity and phylogenetic clustering. The mitochondrial haplotypes could be unambiguously assigned to North America or Europe (Aubry et al. 2009; Statham et al. 2014) . Although the Y chromosome haplotypes were based on only 2 microsatellite loci, continental differences, possibly related to indels in the flanking regions, rendered these loci used in tandem also to be diagnostic. In particular, locus Y30 was monomorphic in North America (387 bp) and distinct from the size range over most of Europe (393-405 bp); the exception was in Scandinavia (as with Asia), where some haplotypes also had the 387 bp allele at this locus. However, in such cases, the other locus (Y29) had alleles ranging 156-166 in Eurasia and 170-178 in North America (Statham et al. 2014) . Therefore, our basic approach was to construct phylogenetic trees and networks consisting of the haplotypes in this study and representative reference haplotypes.
For mitochondrial data, we read, aligned, and edited sequences in Geneious v6.0 (Drummond et al. 2014 ). We concatenated Cytb and control-region fragments into composite mtDNA haplotypes for analysis because no recombination occurs on the mtDNA genome. For novel sequences, we used the Basic Local Alignment Search Tool (BLAST) to search the nucleotide database in GenBank (Benson et al. 2013) . We follow the naming conventions of previous studies (e.g., Statham et al. 2014) , whereby the name of the Cytb fragment (beginning with or consisting of a letter) is followed by a dash and then the control-region fragment (a number); Y chromosome haplotypes are named based on the fragment size of the 2 microsatellite loci. For mitochondrial data, we estimated maximum likelihood (ML) trees with nodes assessed from 1,000 bootstrapped trees in Paup* v. 4 (Swofford 2003) . We used JModelTest to determine the best-fit model of evolution for each gene (Darriba et al. 2012 ) and used Akaike information criterion (AIC) to select the model most compatible with PAUP* v. 4. We only used 1 individual per haplotype per population from the study sample, along with all previously published haplotypes from North America and a subset from Europe, that encompassed all haplotypes from Britain, Ireland, Sweden, Norway, and countries of Central Europe (Statham et al. 2014) , all areas putatively sourcing introductions of red fox to North America (Kamler and Ballard 2002; Long 2003; Statham et al. 2012; Frey 2013) . We visualized the tree in FigTree (Rambaut and Drummond 2012) . To test alternative phylogenetic hypotheses, we ran an approximately unbiased (AU) test using PAUP*v.4.0 (Shimodaira 2002; Swofford 2003) .
To explore the phylogenetic affinities of the Y chromosome markers, we combined alleles from the 2 linked loci into haplotypes and compared these to a global dataset to assess continental origins (Statham et al. 2014) . Specifically, we added our new haplotypes to a haplotype network initially created using Network 6.0 (Bandelt et al. 1999 ) on which haplotypes were previously clustered into exclusively North American or Eurasian haplogroups (Statham et al. 2014) .
To address the contributions of fur farm ancestry in our study area, we relied on 2 indicator haplotypes, G-38 and N-7, that were ultimately derived from, and rare in, Alaskan red fox populations (Aubry et al. 2009 ) but are common in "feral" populations (i.e., populations derived from fur farms) throughout the United States (Perrine et al. 2007; Sacks et al. 2010 Sacks et al. , 2011 Statham et al. 2011 Statham et al. , 2012 . Other common fur farm haplotypes were derived from eastern Canada and were therefore potentially the same ones that could have colonized the eastern U.S. naturally (Statham et al. 2012) . Therefore, we considered eastern Canadian haplotypes previously associated with fur farm ancestry to be of ambiguous origin. The only previous study to use the Y chromosome markers did not include fur farm derived or sufficient numbers of native North American foxes to enable us to differentiate paternal ancestry within the continent.
Our final objective was to explore geographic patterns of haplotype distribution to assess the possibility of differentiation among populations corresponding to different historical origins. We estimated haplotype diversity (h) for both mtDNA and Y chromosome haplotypes and nucleotide diversity (π), Tajima's D, and Fu's Fs for mtDNA in Arlequin v3.5 (Tajima 1989; Fu 1997; Excoffier and Lischer 2010) . We visualized haplotype relationships using a haplotype network created with Network 6.0 and bases corresponding to the Cytb portion weighted twice that of the control-region bases (Sacks et al 2010) . To assess isolation by distance, we performed a Mantel test in Arlequin (Excoffier and Lischer 2010) . We then used a spatial analysis of molecular variance (SAMOVA) in the program SAMOVA 2.0 to identify patterns of hierarchical structure corresponding to K = 2-6 groupings among 10 spatial units on the basis of pairwise distance among sequences (Dupanloup et al. 2002) .
results
Origins of eastern red fox lineages.-We successfully amplified both the Cytb and control-region mitochondrial DNA fragments in 566 individuals. Despite the large number of samples from an extensive region, we identified only 15 distinct haplotypes. Of these, all but one, A-269 (GenBank Accession No. KP860297), had been previously described. However, these haplotypes reflected multiple phylogenetically distinct lineages associated with divergent origins (Fig. 2) . The Shimodaira AU test supported previous analyses indicating distinct "Nearctic" and "Holarctic" clades, with a North American subclade (H III Alaskan- Statham et al. 2014 ) nested within the otherwise Eurasian Holarctic clade (Supporting Information S1).
Most of the haplotypes could be directly assigned to an unambiguous source (Table 1) . Previously characterized haplotypes native to eastern Canada and the northeastern United States composed 70% of the sample. However, the subsets of these haplotypes that had not been previously associated with fur farms (A-84, A8-84, A-269, A3-87, F3-9, F4-81, E2-9) and which had been used in fur farming (E-9, E-86, F-9, F-12) each composed 35% of the total sample. These frequencies imply that 35% to 70% of mtDNA haplotypes arose directly from natural populations. Additionally, 2 haplotypes derived from Europe (U8-157, U8-227) comprised 17% of the sample. These haplotypes belonged to Holarctic subclade IX which predominates in Great Britain and Ireland, while the specific haplotypes each had been found previously only once, specifically in Ireland (Statham et al. 2014) . Lastly, 2 haplotypes deriving from Alaskan fur farm stock (G-38, N-7) composed 13% of the sample. Based on the subset of 377 foxes that carried haplotypes representing unambiguous origins, 54% were native eastern, 26% were European, and 20% were from fur farms.
Out of 135 males that amplified both Y29 and Y30 markers, we observed 5 haplotypes ( Table 2) . The dominant haplotype, 174/387, composed 83% (n = 114) of the total sample and was previously found only in North America (Table 2; Statham et al. 2014) . We also observed 2 previously undefined haplotypes that clustered within the North American haplogroup, and a 3rd previously undefined haplotype that clustered within the European haplogroup. Specifically, the European haplotype grouped with others from Great Britain (Fig. 3) . In contrast to the mtDNA, only 3 individuals (2%) carried the European Y chromosome haplotype; each of these individuals was sampled from a distinct population: Vermont, Central Pennsylvania, and Southern Maryland. Southern Maryland was the only sampling site with both European mtDNA and Y chromosome haplotypes (1 each). Conversely, none of the populations in which European mitochondrial haplotypes were prevalent had European Y chromosome markers. In addition, all 3 males with European Y chromosomes had eastern North American mitochondrial haplotypes.
Geographic patterns.-A total of 99 individuals bearing European mtDNA haplotypes was present in 11 of the 18 samples ( Table 1) . The haplotype and nucleotide diversities were notably higher in the sites with European ancestry than in those with purely North American ancestry (Table 3) . None of the neutrality tests were significant but were generally positive, particularly in sites with European haplotypes. Most of the European haplotypes occurred in the mid-Atlantic states east of the Appalachians but with a relatively small number (13 of 124) occurring also in the Hudson lowlands of western New York (Fig. 4) . Unambiguous fur farm haplotypes (i.e., those of Alaskan ancestry) were distributed similarly to European ones across sampling locations. Native eastern haplotypes not previously associated with fur farming composed similar portions of all samples. Notably, most (98.4%) of 126 samples from the Appalachians and adjacent Piedmont had haplotypes indigenous to eastern North America (i.e., native or potentially native samples).
We observed no significant relationship between genetic and geographic distance (Mantel test, r = 0.09, P = 0.29). The SAMOVAs indicated statistically significant divisions corresponding to K = 2-6, but Φ CT values did not increase beyond K = 2, indicating that a single division into 2 groups was most parsimonious (Table 4) . One group was composed of sites in the mid-Atlantic coastal plain and the other was broadly distributed north to south in or near the Appalachians. Pairwise genetic distances among sampling units within these groupings varied but were generally much lower than those between groups. Genetic distances based on pairwise differences (i.e., Φ CT ) were especially large because of the high divergence between Nearctic and Holarctic haplotypes (Table 5 ).
discussion
Our study confirmed that European red foxes were introduced to the mid-Atlantic region of North America. Moreover, both mitochondrial and Y chromosome markers pinpointed the region of origin of these foxes to Britain and Ireland, which Two singleton haplotypes in the historical samples differed from the nearest verified haplotypes by C-T or A-G changes consistent with post-mortem degradation. A8-84 was otherwise the same as A-84 and E2-9 was otherwise the same as E-9.
c
The control-region portion of haplotype F3-76 and F-76 (i.e., 9) described by Statham et al. 2012 (and Langille et al. 2014 ) differed from haplotype 9 by the insertion of an additional A at the end of a poly-A repeat. Because this insertion was recurrent in multiple lineages, we excluded it from analysis, resulting in our subsuming haplotypes F3-76 and F-76 in F3-9 and F-9, respectively.
was consistent with anecdotal accounts (Frey 2013) . The low diversity of maternal and paternal haplotypes in this study was consistent with a single successful introduction of as few as 3 individuals. The region-wide dispersion of European haplotypes and the sharing of a single Y chromosome haplotype among 3 distinct locations further supported a many generational timeline consistent with colonial origins. The spatial distribution of European mitochondrial haplotypes supported an early anecdotal account that named the Eastern Shore of Maryland as the site of introduction in the late 1700s by English foxes (Frey 2013) . We found the highest prevalence of European (i.e., British or Irish) haplotypes on the Eastern Shore, followed closely by the adjacent northern Chesapeake Bay. Thus, taken together, our findings provide the 1st empirical evidence to substantiate the conventional wisdom that red foxes were introduced from England to the mid-Atlantic region during colonial times. Given these findings, the next question arising pertains to the spatial extent of European introgression in North American red foxes. Prior to this study, European mitochondrial haplotypes had not been discovered in North America despite sampling and sequencing of many hundreds of foxes (e.g., Statham (Statham et al. 2014) . Haplotypes starred and labeled correspond to those found in this study. Three haplotypes newly described in this study are indicated with a dashed ring around the node, and a European haplogroup found previously only in Britain is indicated within the dotted line ellipse.
et al. 2014). However, most of the sampling in North America occurred west of the Mississippi River and north of the Hudson River (Aubry et al. 2009; Statham et al. 2012) . Those which had been sampled from the eastern United States were concentrated primarily along the Appalachians and adjacent area. In the present study, we sampled no foxes between the Appalachians and Mississippi River, leaving a relatively wide sample gap. Additionally, very few samples were obtained from the southeastern United States or from New England. Thus, on the basis of empirical data alone, European haplotypes could be localized to the small region where we found them in this study, i.e., restricted to portions of a few mid-Atlantic states or spread over an area as great as the entire eastern seaboard, as bounded by the Mississippi River to the west, the Great Lakes and Saint Lawrence River to the north, and the Gulf of Mexico and Atlantic Ocean to the south and east. To better evaluate these potential scenarios, it is helpful to first elucidate the origins of North American ancestry with respect to indigenous versus feral fur farm descendants. It is well supported that prior to the advent of fur farming in the early 1900s, red foxes were established over much of the mid-Atlantic and southern portions of the east coast (reviewed by Frey 2013) . Given that several sampling sites in the present study had no European haplotypes and few to no unambiguous fur farm haplotypes, our results support Frey's conclusion that these most likely derived from indigenous foxes. Even in the populations with substantial fractions of European and unambiguous fur farm lineages, these native eastern haplotypes occurred in significant proportions. In particular, the F3-9 haplotype was present in 16/18 sampling locations and composed 82% of samples with haplotypes that had not been previously associated with fur farm ancestry (and 28% of samples overall), suggesting its prominence among an early expansion.
However, it is less clear whether such an expansion would have originated from the north as suggested by early naturalists (e.g., Audubon and Bachman 1849) or from a pre-existing southern population (e.g., Frey 2013). On the one hand, most of the haplotype diversity found in the eastern United States in this and previous studies was a subset of that observed in eastern Canadian or fur farm-derived populations (which themselves originated from eastern Canada; Aubry et al. 2009; Statham et al. 2012; Langille et al. 2014) . Only the F3-9 and F4-81 haplotypes were potentially endemic to the eastern United States, one of which differed by a single substitution from a widespread basal Canadian haplotype (F-9); the other haplotype was a singleton. Therefore, we find little evidence to support the presence of a Pleistocene-age eastern United States population distinct from eastern Canadian foxes. On the other hand, the widespread nature of the F3-9 haplotype in eastern United States samples, including historical Georgia, and its absence in samples north of the Hudson lowlands is consistent with a late Holocene or historical population expansion from somewhere south of the Hudson lowlands. In either case, our findings suggest that red foxes were indigenous to the eastern United States prior to or during colonial times, particularly in and around the Appalachian Mountains. For example, > 98% of the samples from the Appalachians or adjacent Piedmont from this and a previous study (Statham et al. 2012) were indigenous eastern North American haplotypes.
Taken together, our findings based on maternal ancestry suggest that red foxes of the Appalachians and vicinity were distinct from red foxes at lower-elevation, more human-dominated landscapes of the mid-Atlantic coastal plain and Hudson lowlands. Although we found no significant isolation-by-distance relationship, the SAMOVA revealed a discrete subdivision between foxes of the Appalachians and vicinity ranging all the way from Georgia to Maine, which appeared mostly native, and those in the more densely human-dominated landscapes to the east in the mid-Atlantic coastal plain, which reflected an admixture of nonnative (European and fur farm) and native maternal ancestry. Although we found European haplotypes also in western New York, the counties sampled overlapped or were situated within the Hudson lowlands, a highly populated corridor spanning Buffalo in the west, through Syracuse, to Albany in the east, and connecting with the extremely human-dense region of the mid-Atlantic coastal plain between Washington D.C. and New York City. These findings were similar to findings in the West, where nonnative red foxes (in that case, solely from fur farms) also appear to be associated closely with human-dominated landscapes and, perhaps, less able to thrive in more remote habitats, where their native counterparts predominate (Churcher 1959; Sacks et al 2010 Sacks et al , 2011 Statham et al 2012; Frey 2013; Volkmann et al 2015) . If so, the native dominance in the Appalachians and inability of the nonnative red foxes to thrive in less human-dominated landscapes could serve as a barrier to westward expansion of nonnative haplotypes, most notably European ones, from the eastern seaboard. On the other hand, the Hudson lowlands could provide a corridor for nonnative gene flow to the west. Future sampling west of the Appalachians but east of the Mississippi River is needed to better evaluate the western extent of European ancestry in North American red foxes.
In light of recent evidence supporting the previous classification of European and North American red foxes as distinct species (Vulpes fulva- Statham et al. 2014) , we also sought to assess the evidence for hybrid compatibility of these putative species. Our finding that individuals exhibiting a European haplotype (from its maternal or paternal side) also exhibited a North American haplotype from the other parent (in every case) clearly indicated that the 2 nominal species bred in the past and produced fertile offspring. Interestingly, however, the prevalence of mitochondrial European haplotypes was nearly an order of magnitude higher than that of European Y chromosomes. In principle, this pattern could reflect a greater number of female than male founders from Europe, e.g., if only 1 male was introduced with several females. However, this seems unlikely based on evidence from the Australian introductions and anecdotes of the North American introductions (Long 2003; Frey 2013) . When foxes were introduced, they would likely have been introduced as breeding pairs to facilitate population growth. It is possible instead that introduced males had lower fitness than the expanding Nearctic males due either to pre-zygotic (e.g., preference of native females) or post-zygotic (gametic incompatibility) causes. European females, on the other hand, could have been more successful due to lower selectivity of native males or asymmetric gametic compatibility.
The asymmetric establishment of the Y chromosome and mtDNA in the eastern United States parallels the recently described evidence of a continental exchange of mitochondrial but not Y chromosome lineages from Asian to Alaskan red foxes across the Bering land bridge during the last Pleistocene glaciation (Statham et al. 2014) . Both cases are also consistent with Haldane's (1922) rule, whereby male F 1 hybrids would be rare or sterile. If so, such a pattern indicates a degree of reproductive incompatibility between continental forms of red fox. Alternatively, the locally high frequency of European mtDNA haplotypes could reflect a selective sweep on particular mitochondrial mutations, in which case, these markers would provide a skewed sense of the amount of total European ancestry in eastern red foxes. In the future, it will be necessary to investigate autosomal markers to fully understand the geographic and genomic extent to which European red fox genes could have infiltrated North American red foxes.
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